Abstract-The three-dimensional (3-D) beam-propagation method is applied to the analysis of a novel transverse electric/ transverse magnetic (TE/TM) wave splitter using a light-guiding metal (Ag) line with an embedded dielectric (SiO 2 ) waveguide. Before analyzing the splitter, a mode converter with a tapered metal is designed to smoothly convert the guided mode of an embedded waveguide into the surface plasmon-polariton (SPP) mode, and vice versa. After demonstrating the effectiveness of a converter consisting of a two-step linear taper, the performance of the splitter is evaluated. To obtain a high coupling efficiency, the wavefront mismatch of the SPP mode is compensated for. In addition, a TE-pass polarizer is added to the TE output waveguide, reducing the undesirable TM wave. In contrast to the long device length of a conventional branch-type splitter (> 1000 µm), the present splitter is found to have a noticeably short device length of less than 200 µm, although a loss of about 3 dB is observed for the TM wave. The crosstalk and the extinction ratio are, respectively, evaluated to be less than −15 dB and more than 15 dB for a branching angle of 16 ± 2
I. INTRODUCTION
A WAVEGUIDE transverse electric/transverse magnetic (TE/TM) wave splitter is one of the essential components in integrated optics, such as polarization diversity receivers for coherent transmission systems [1] and polarization-independent wavelength filters [2] . Some investigations have been focused on the splitter consisting of a glass waveguide [3] - [11] , which has the advantage of easiness of fabrication [12] . These splitters are roughly divided into two types, i.e., directional coupler type [3] - [7] and branch type [8] - [11] .
A directional-coupler-type splitter utilizes the difference between the coupling lengths of the TE and TM waves. Note that the coupling length is sensitive to variation in the separation length between the two waveguides placed in parallel. Therefore, this type of splitter generally has a narrow bandwidth property. On the other hand, a branch-type splitter essentially operates over a wide range of wavelengths. The drawback of this type of splitter is a long device length of usually more than 1000 µm [8] - [11] . A reduction in the device length requires Manuscript received May 17, 2006 ; revised September 8, 2006 . This work was supported in part by the Takahashi Industrial and Economic Research Foundation.
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Digital Object Identifier 10.1109/JLT.2006.889656 a larger branching angle, resulting in a lower extinction ratio. Consequently, it is difficult to realize a wide bandwidth property with a short device length.
To overcome this drawback, we have recently proposed a novel branch-type splitter using a light-guiding metal line [13] , which is also called a "surface plasmon waveguide" [14] - [16] . Our idea comes from the fact that the strong field confinement of the surface plasmon-polariton (SPP) mode [17] - [19] permits an increase in a branching angle while maintaining a reasonable extinction ratio. This means that the splitter has the possibility of operating over a wide range of wavelengths with a short device length, although the TM wave inherently incurs some loss due to the field absorption in the metal.
The purpose of this paper is to reveal the properties of the splitter using the light-guiding metal line by the threedimensional (3-D) beam-propagation method (BPM). We particularly pay attention to the improvement in the TE/TM wave splitting properties.
To smoothly convert the guided mode of an embedded waveguide into the SPP mode and vice versa, we first determine the shape of a mode converter using a tapered metal. It is demonstrated that the use of a converter consisting of a twostep linear taper leads to a high coupling efficiency of more than 90% with a short taper length of 75 ± 15 µm at a wavelength of 1.55 µm.
We next assess the performance of the splitter. After compensating for the wavefront mismatch of the SPP mode, we add a TE-pass polarizer to the TE output waveguide to reduce an undesirable TM wave. As a result, the crosstalk and the extinction ratio are, respectively, evaluated to be less than −15 dB and more than 15 dB for a branching angle of 16 ± 2
• at wavelengths of 1.31 and 1.55 µm, with a loss of about 3 dB being observed for the TM wave. In contrast to the long device length of the conventional branch-type splitter (> 1000 µm) [8] - [11] , the present splitter is found to have a noticeably short device length of less than 200 µm. Fig. 1 shows the basic configuration of the TE/TM wave splitter (an improved configuration will be discussed later). For the TE wave, the presence of the metal is almost negligible, so that the field mainly propagates through Waveguide #1. For the TM wave, an uptapered metal near the input serves to smoothly convert the guided mode of an embedded waveguide into the bound SPP mode localized around the metaldielectric interface [17] (the so-called a b mode in [20] to Waveguide #2 along the metal. In Waveguide #2, the SPP mode is restored into the mode of the embedded waveguide by a downtapered metal. As a result, the TE and TM waves can be, respectively, extracted in Waveguides #1 and #2.
II. PRELIMINARY INVESTIGATION
The refractive indexes of the dielectric core and substrate are set to be n g = 1.5 and n s = 1.459, respectively. The metal width is designated as w. The embedded waveguide without the metal (w = 0) supports only a single mode at both wavelengths of λ = 1.31 µm and λ = 1.55 µm.
To analyze the splitter, we employ the semivectorial BPM based on the alternating-direction implicit scheme using the electric field [21] , [22] . The sampling widths are fixed to be ∆x = 0.05 µm and ∆y = ∆z = 0.02 µm. The perfectly matched layer is placed at the edge of the computational region [19] , [23] .
It is known that the BPM often causes numerical instability [24] . Our calculation shows that the results become unstable as the field penetration into the metal increases with a subsequent large loss. This is observed, for example, when the imaginary part of the metal refractive index is intentionally taken to be small values, such as n m = 0.14 − j4.0. Fortunately, the instability is not observed when the refractive index of the metal is taken to be that of Ag or Au in the following analysis.
Before analyzing the splitter shown in Fig. 1 , we compare the ohmic losses of the straight metal (Ag and Au) lines through the eigenmode analysis using the imaginary-distance (ID) BPM. For simplicity, we consider the 2-D structure (w = d = ∞). The operating wavelength is typically taken to be λ = 1.55 µm. The refractive indexes of Ag and Au are taken to be n m = 0.14 − j11.2 [25] , [26] and n m = 0.18 − j10.2 [27] , respectively. For Ag, the calculation shows that the loss of the SPP mode asymptotically decreases as the metal thickness t is increased. This is because the field becomes less confined to the metal with an increase in the thickness [19] . A further increase in the thickness leads to the fact that the loss for t > 0.1 µm is almost constant. Similar behavior is also observed for Au. Further calculation, however, shows that the loss of Ag with a specific thickness is smaller than that of Au. For example, the losses of Ag and Au for t = 0.2 µm are calculated to be 13 and 22 dB/mm, respectively. We, therefore, adopt Ag of t = 0.2 µm in the following analysis. 
III. MODE CONVERTER USING TAPERED METAL
We now design a mode converter using the metal (Ag) line in order to smoothly convert the guided mode of the embedded waveguide into the SPP mode. In the design, the knowledge of the eigenmode is of fundamental importance. Here, we evaluate the eigenmodes of the metal line shown in Fig. 1(a) for several metal widths using the ID-BPM [19] , [28] - [30] . Fig. 2 shows the cross section of the field (|E y |) distributions observed at x = ∆x/2. The mode gradually changes from the guided mode of the embedded waveguide (w = 0) to the SPP mode when increasing the metal width (this fact also holds true for Au [17] - [19] ). Consequently, the tapered metal is expected to smoothly convert the guided mode of the embedded waveguide into the SPP mode and vice versa.
We next assess the performance of the converter using the tapered metal by the propagating beam analysis. The metal is linearly or curvilinearly tapered in the propagating direction z. The change in the shape of the metal is expressed as follows:
where z t presents the taper length. The metal width at z = z t is fixed to be w(z t ) = 3 µm. The metal of m = 1 is linearly tapered and that of m > 1 is curvilinearly tapered. Fig. 3 plots the coupling efficiencies of the linearly and curvilinearly (m = 2) tapered metals. We calculate the efficiency between the propagating field at z = z t and the eigenmode field for w = 3 µm, in which the ohmic and radiation losses are taken into account. It should be noted that the ohmic loss increases with an increase in the metallic area [17] , [19] . The curvilinearly tapered metal offers the low ohmic loss due to the small metallic area. However, the use of the short taper length gives rise to the rapid mode conversion with a subsequent increase in the radiation loss. As a result, a long taper length of 100 µm is required to obtain the maximum efficiency (≈87%). In contrast, the linearly tapered metal permits a short taper length of 70 µm for obtaining the maximum efficiency (≈85%). Unfortunately, the linearly tapered metal has the large metallic area, resulting in an increase in the ohmic loss. To reduce the losses, maintaining the short taper length, we introduce a two-step linear taper in the following. Fig. 4 illustrates the mode converter consisting of the twostep linear taper with the metallic region being reduced. To obtain a high efficiency, we appropriately adjust the length of the first taper section L 1 and the width w t at z = L 1 . For reference, the shape of the linearly tapered metal is also illustrated by dashed lines in Fig. 4 . The width at z = L 1 is denoted as w l .
To investigate the effect of adjusting L 1 and w t , we analyze the converter for a specific taper length. As an example, the coupling efficiency against w t /w l at z t = 75 µm is shown in Fig. 5 . The efficiency is improved to be about 90% in a range of 0.6 ≤ w t /w l ≤ 0.7, when L 1 is chosen to be 65 ± 5 µm.
The coupling efficiency is again calculated as a function of taper length, and the results are included in Fig. 3 . A high efficiency of more than 90% is obtained over a wide range of z t = 75 ± 15 µm. The advantage is that the length of the present tapered metal is substantially shorter than that of the curvilinearly tapered one. As a result, the configuration parameters are fixed to be z t = 75 µm, L 1 = 65 µm, and w t /w l = 0.65. 
IV. TE/TM WAVE SPLITTER

A. Compensation for the Wavefront Mismatch of the SPP Mode
Since the characteristics of the mode converter have been revealed, we next assess the performance of a splitter, which comprises the two mode converters with the two-step linear taper. Fig. 6 shows the coupling efficiencies of the TE and TM waves as a function of branching angle θ. We calculate the efficiency between the propagating field at the output and the eigenmode field of the embedded waveguide. The efficiency of the TE wave is calculated to be about 90% for 12
• ≤ θ ≤ 18
• . In contrast, the efficiency of the TM wave is evaluated to be less than 32%. One reason of the low efficiency is that the field is absorbed by the metal. The other is that the wavefront of the SPP mode cannot be sufficiently inclined to Waveguide #2 and that the field tends to radiate toward the z-axis.
We now consider a technique for compensating for the wavefront mismatch of the SPP mode. Here, we notice that some compensation techniques have been studied in a bent waveguide without a metal [31] - [33] . For instance, the refractive index of the outside of the bend is reduced, while that of the inside is increased. This leads to inclination of the wavefront, since the local phase velocity in the low index region is faster than that in the high index region. Note that the effective index of the SPP mode increases with an increase in the metal width, resulting in a larger effective index than that of the guided mode in the waveguide without the metal [19] . Hence, we modify the shape of the metal to compensate for the wavefront mismatch of the SPP mode. Fig. 7 illustrates a modified splitter, in which the metal of the outside of the bend is reduced, while that of the inside is increased. The wavefront of the SPP mode is adjusted by means of variations of the lengths of a and c. Fig. 8 shows the coupling efficiency for θ = 14
• against length c. For reference, Fig. 8 also shows the length of a for the maximum efficiency in each length of c. The efficiency is improved to be more than 54% in a range from c = 23 µm to c = 30 µm.
We again evaluate the coupling efficiency against branching angle, as shown in Fig. 9 . The lengths of a and c for each angle are chosen as exhibited in Table I . The efficiency is higher than that for a = c = 0, as shown in Fig. 6 , over a wide range of 12
• . It is also seen that the splitter maintains an efficiency of about 50% for θ = 14 ± 2
• . For reference, Fig. 9 also shows the result of the TE wave. The efficiency is almost the same as that for a = c = 0. Figs. 10 and 11 show the crosstalk and the extinction ratio, which are defined by CT TE(TM) = 10 log 10 C TE#2(TM#1) C TE#1(TM#2) for TE(TM) wave (2)
where C is the coupling efficiency. The crosstalk of the TM wave is higher than that of the TE wave, while the extinction ratio in Waveguide #1 is lower than that in Waveguide #2. This is because part of the TM-wave field remains in Waveguide #1. 
B. Reduction in the TM-Wave Field in Waveguide #1
To reduce the remaining TM-wave field, we add a TE-pass polarizer to the output of Waveguide #1. We should recall that the metal offers the ohmic loss, particularly for the TM wave. Hence, we load an additional metal on Waveguide #1. Fig. 12 illustrates the configuration of an improved splitter with the TE-pass polarizer. The polarizer length is designated as L 2 . Since a branch-type splitter is expected to operate over a wide range of wavelengths, we consider the properties at not only λ = 1.55 µm but also at λ = 1.31 µm. The refractive index of the metal at λ = 1.31 µm is calculated from the Drude model dielectric function (n m = 0.1 − j9.46) [25] . Fig. 13 shows the extinction ratios at λ = 1.31 µm and λ = 1.55 µm for θ = 14
• against polarizer length. The result for L 2 = 0 at λ = 1.55 µm corresponds to that without the polarizer presented in Fig. 11 . High extinction ratios of about 24 dB are obtained around L 2 = 15 µm at both wavelengths. Fig. 13 also shows that the extinction ratio almost periodically oscillates against the polarizer length. To clarify this reason, we evaluate the coupling efficiency of the TM wave along Waveguide #1, as shown in Fig. 14. For comparison, the results without the polarizer are also shown by broken lines (see the region designated as L 2 ). It is seen that the efficiency decreases as the field propagates, owing to the effect of the mode converter. In the region where the polarizer is placed, the efficiency tends to decrease with oscillation. The oscillation can be explained in terms of mode interference. At the junction between the embedded waveguide and the polarizer (z ≈ 140 µm), part of the guided-mode power of the embedded waveguide is converted into the guided-mode power of the polarizer (the overlap integral between the two guided modes is calculated to be about 50% at λ = 1.55 µm) and the remaining power into the power of radiation modes. This results in the coherent coupling between the guided mode and radiation modes with the subsequent oscillation. Consequently, the extinction ratio can be more than 20 dB, provided that the polarizer length is chosen to be close to half the period of the oscillation, i.e., L 2 = 15 µm.
We finally summarize the performance against the branching angle for L 2 = 15 µm. Figs. 15-17 show the coupling efficien- cies, crosstalks, and extinction ratios at both λ = 1.31 µm and λ = 1.55 µm, respectively. The efficiency of the TM wave and the extinction ratio in Waveguide #2 at λ = 1.55 µm are almost the same as those presented in Figs. 9 and 11. Similar splitting behavior at λ = 1.55 µm is observed at λ = 1.31 µm. It is noteworthy that as compared with Figs. 10 and 11, the crosstalk of the TM wave and the extinction ratio in Waveguide #1 are improved to be less than −19 dB and more than 22 dB for 12
• ≤ θ ≤ 18 • , respectively. This leads to the fact that crosstalks of less than −15 dB are obtained for the TE and TM waves and that extinction ratios of more than 15 dB are obtained in Waveguides #1 and #2 for θ = 16 ± 2
• , with a loss of about 3 dB for the TM wave.
Typical field distributions of the TE and TM waves for θ = 14
• at λ = 1.55 µm are shown in Fig. 18 (a) and (b), respectively. It is observed that the fields of the two waves are successfully separated into the Waveguides #1 and #2 around z = 200 µm. The device length is found to be remarkably shorter than that of the conventional branch-type splitter [8] - [11] . 
V. CONCLUSION
We have developed a novel branch-type TE/TM wave splitter using a light-guiding metal line. The 3-D BPM is applied to the analysis of the splitter. Before analyzing the splitter, a mode converter using a tapered metal has been designed in order to smoothly convert the guided mode of an embedded waveguide into the SPP mode, and vice versa. Numerical results show that a converter consisting of a two-step linear taper achieves a high coupling efficiency of more than 90% with a short taper length of 75 ± 15 µm at λ = 1.55 µm. We have next assessed the performance of the splitter. After compensating for the wavefront mismatch of the SPP mode with a subsequent increase in the efficiency in Waveguide #2, a TE-pass polarizer is added to Waveguide #1, reducing the undesirable TM wave. It is revealed that a crosstalk of less than −15 dB and an extinction ratio of more than 15 dB are obtained for a branching angle of 16 ± 2
• at λ = 1.31 µm and λ = 1.55 µm, with a loss of about 3 dB being observed for the TM wave. The use of the lightguiding metal line contributes to a remarkably short device length of less than 200 µm.
